A preliminary investigation of excitation signal parameters on the detection of delamination in composite plates is presented. Composite plates typical of aerospace applications are used and excitation is provided through integrated PZT actuator. A scanning laser vibrometer is used for recording structural responses. Experimental results at three frequencies (15, 18, and 20 kHz) and two pulse widths (3.5 and 5.5 cycles) show the significant effects of incident Lamb waves on damage signature. Numerical studies using a commercial finite element code (ABAQUS) show good correlation with experimental results with appropriate level of structural damping.
INTRODUCTION
The use of composite materials has many benefits for engineering structures; however, the damage mechanisms of composites are very different from those of metals. One particular damage mechanism, namely delamination cracks, can be initiated by loading, impact, or manufacturing defects. The crack lengths can reach critical value before visual inspection. Lamb waves (fundamental symmetric and asymmetric modes) have shown particular promise for damage diagnosis of composite structures [1] [2] [3] [4] [5] [6] [7] . The fundamental idea behind Lamb wave propagation based diagnostics is that different types of damages interact differently with waves. Therefore, based on the measured time history of the propagated wave, the traveling time, speed reduction, and wave attenuation parameters are extracted and used as the damage identification variables. Further processing of the measured signals (e.g., using wavelet transform, Hilbert-Huang transform, etc.) helps damage recognition.
The incident Lamb waves depend on the excitation signal parameters (pulse shape, amplitude, frequency and number of cycles to be sent during each pulse period) and may have significant impact on damage detection. Published papers discuss the effects of actuation pulse parameters in a general way, but specifics are seldom reported. Kessler 1 considered the actuation pulse parameters, but presented results for 15 kHz 3.5 cycles only. Several authors suggest higher frequencies, but Diamanti and Soutis 7 consider frequencies below 50 kHz to be particularly sensitive for composite diagnostics. The fundamental anti-symmetric Lamb mode A 0 is generated at frequencies below 50 kHz which has much lower phase velocity than the symmetric S 0 mode and thus a smaller wavelength making it more sensitive to damage detection. Delamination sizes well below the wavelength of the propagating mode were successfully detected by Diamanti and Soutis 7 .
This paper presents a preliminary investigation of excitation signal parameters on the detection of delamination in composite plates. We use composite plates typical of aerospace applications and provide excitation using integrated PZT actuator. A scanning laser vibrometer is used for recording structural responses. Experimental results at three frequencies (15, 18, and 20 kHz) and two pulse widths (3.5 and 5.5 cycles) show significant effect on damage signature. Numerical studies using a commercial finite element code (ABAQUS) show good correlation with experimental results with appropriate level of structural damping. Figure 1 . It is restricted in all degrees of freedom at nodes along the two ends as shown in Figure  2 . In order to simulate the piezoelectric excitation similar to the experimental studies, actuating piezoelectric transducer (PZT-5H) has been modeled using 164 piezoelectric elements (C3D8E in ABAQUS). Perfect bonding between plate and PZT is assumed and an input of 30V is applied to PZT. Responses at sensor location just before the delamination (Figure 5a ) show significant differences in the wave packets for healthy and delaminated cases. The amplitude of the first wave packet is increased due to reflections from delamination. Further observation at this sensor location reveals formation of an extra wave packet right after the incident wave. For the sensor location on top of the delamination (Figure 5b ) the increase in wave amplitude for the first wave packet is smaller and the second wave packet has much reduced amplitude. Similar trends were observed 15 kHz, 5.5 cycles input as well. Structural damping has a significant effect on wave propagation, including initial amplitude and attenuation. Rayleigh linear damping model available in ABAQUS/ Standard is used to introduce damping to the plate. In Rayleigh damping, it is assumed that damping matrix is a linear combination of mass and stiffness matrices.
LAMB WAVE DISPERSION CURVES
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where ߙ and ߚ are user defined constants. For a given mode ݅ the fraction of critical damping, ߦ , can be expressed in terms of the damping factors ߙ and ߚ as:
where ߱ is the natural frequency of a mode. This implies the mass proportional damping parameter, ߙ , damps the lower frequencies and the stiffness proportional damping , ߚ, damps the higher frequencies. In our studies, the most appropriate values for ߙ and ߚ are found to be 0 and 4x10
through comparisons with experimental data. Figure 6 shows a comparison of FE results with experimental data at a point with x=150 mm, y=64 mm.
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Figure 6. FE vs. experimental response of healthy case for 15 kHz 3.5 cycles input
The FE responses match well with experimental results for the first two wave packets. Subsequent responses show some deviations possibly due to the differenc and experimental conditions such as boundary, damping, bonding between plate and PZT (assumed to be perfect FE), etc. Since the first few wave packets contain most important information, the FE analysis with PZT modeling and damping values will be used in future for simulations with other input excitations. 
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EXPERIMENTAL INVESTIGATIONS
The composite plate used in this study AS4/3501-6 pre-preg using vacuum bagging and oven curing technique. Figures 9(a) and 9(b) show the 15 kHz 3.5 cycle acquired signals at 80 mm away from PZT (which is 8 mm away from the beginning of delamination area). For convenient visualization, obtained signals are normalized with the maximum value of the first wave packet at 20 mm from the PZT actuator. For the healthy plate, two boundaries are constrained (upper and bottom of plate) and left and right sides are free. For delaminated plate, there is an additional boundary due to the delamination area. The first wave packet for healthy plate is the incident wave and other wave packets are boundary reflections. With TOF of 0.278 ms (Figure 4a ), the second packet travels a distance of 170.9 mm. This distance indicates that the second wave packet is the reflected wave from bottom of the plate since this sensor location is 85 mm away from bottom boundary. For the delaminated plate (Figure 4b) , there are combined packets between first and second waves. These combined packets indicate delamination as they include reflected waves from the delamination area (based on TOF analysis). The effect of incident (excitation) wave frequency is shown in Figure 10 . Signals from both healthy and delaminated plates are presented for 3.5 cycle case with 15, 18, and 20 kHz frequencies. The shape of the wave packets change as expected due to different velocities for the three frequencies. All three cases show that delaminated plate has larger wave amplitude due to reflected wave packet from delamination area. Among these frequencies, 18 kHz seems to indicate delamination most clearly. Wavelet transforms of the signals at 18 kHz show appearance of additional frequency components after 1.4 ms for the delaminated plate (Figure 11 ). Number of cycles of the incident wave is another important parameter. Comparison between 3.5 and 5.5 cycle signals show that 5.5 cycle case gives a better indication of delamination (Figure 12) . Further studies will include other sensor locations, frequencies, and quantification of energy of the reflected wave. 
CONCLUSIONS
This study has presented a presents a preliminary investigation of excitation signal parameters on the detection of delamination in composite plates. We used composite plates typical of aerospace applications and provided excitation using integrated PZT actuator. A scanning laser vibrometer was used for recording structural responses. Experimental results at three frequencies (15, 18, and 20 kHz) and two pulse widths (3.5 and 5.5 cycles) showed significant effect on damage signature. Numerical studies using a commercial finite element code (ABAQUS) showed good correlation with experimental results with appropriate level of structural damping. Further studies will include other sensor locations, frequencies, and quantification of energy of the reflected wave. 
